The genetic basis of hybrid vigor or heterosis has been debated for more than a century. A popular hypothesis to explain this phenomenon is that there are different slightly deleterious recessive homozygous alleles in the two parents and that these alleles are complemented in the hybrid so that the biomass and fertility exceed both parents. To address the complementation hypothesis in a direct manner, heterosis was examined in diploid inbreds and reciprocal hybrids and compared with matched triploid inbred derivatives and two types of triploid hybrids that differ in the number of genomes from the different parents. Complementation of recessive mutations would occur equally in the two types of triploid hybrids predicting that, if this complementation were the sole basis of the heterotic response, the two types of triploid hybrids would be equivalent for hybrid vigor. However, the reciprocal diploid hybrids were similar for six of nine measured traits, but the two types of triploid hybrids differed significantly for eight of the same traits. Importantly, the triploid hybrids differed in the level of high-parent heterosis relative to the derived triploid inbreds. Also, the differences observed between the reciprocal triploid hybrids correlated strongly with differences observed between the inbreds, either at the diploid or triploid level, in a manner explicable by genome dosage rather than parent of origin effects. The findings of this study suggest that a major component of heterosis is a mechanism that is modulated by dosage-sensitive factors that involves allelic diversity across the genome.
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H eterosis is the phenomenon that hybrids between different lines can exhibit greater biomass and enhanced fertility compared with the better parent (1, 2) . The phenomenon has been studied for more than a hundred years (3) but, despite increasing knowledge about it, a consensus about the genetic and molecular basis has been elusive. One popular idea is that different sets of recessive slightly deleterious alleles are present in the two parental types that are complemented by the corresponding dominant alleles in the hybrid (4, 5) . Complementation will clearly occur for recessive mutations, but it is not clear to what extent complementation of recessives will produce an additive or nonadditive effect on the phenotype across loci. Moreover, improvement of inbred lines has not diminished the heterotic response (6, 7) , which might be considered to run counter to this hypothesis.
Indeed, there is no reason to believe that heterosis is a reflection of generalized mutations as opposed to a specific process that affects growth and is controlled multigenically. Furthermore, heterosis tends to be greater as a general rule when the parents are increasingly phylogenetically diverse (8) (9) (10) . Crosses of radish and cabbage (8, 9) or distinct species of tomato (10) produce two of the most spectacular cases of increased biomass. To explain this observation on the complementation hypothesis would require increasing numbers of homozygous (they must be homozygous to have an effect in one species and to be complemented in a hybrid) detrimental recessive alleles in separate lineages with increasing evolutionary separation. Given that less detrimental alleles would obviously be possible (being in the other lineage), this evolutionary scenario seems unlikely. Given variation, selection will act against detrimental alleles.
In addition, the behavior of heterosis in tetraploid plants behaves in a manner that is not easily explained by complementation. First, the phenomenon of progressive heterosis in which double cross hybrids exhibit greater heterosis than single cross hybrids (11-14) is not easily accommodated. According to the complementation hypothesis, the greater vigor of the double cross hybrids would require that both single cross parents are still homozygous for substantial numbers of different slightly deleterious alleles affecting growth. Second, despite distinctly different rates of homozygosis of recessive mutations in matched diploid and autotetraploid lines as a result of inbreeding, the progression of inbreeding depression is quite similar (15) (16) (17) . This observation suggests that homozygosis of recessive mutations alone cannot explain inbreeding depression. Lastly, there has been indirect evidence in the classical literature that there is a genomic dosage effect operating on heterosis (6), which is the subject of this study. Different copy numbers of diverse genomes in triploid hybrids were examined to determine any impact of allelic dosage on heterosis. The relative dosage of regulatory factors can affect quantitative traits including natural vairation in allelic expression (18) .
Indeed, more recent studies have provided evidence that genes influencing heterosis are dosage sensitive. In a genome-wide dissection of additive quantitative characteristics in which small portions of the genome from a wild tomato species, Solanum pennellii, were incorporated into the genome of domesticated tomato, S. lycopersicum, a heterotic response occurred when these segments were heterozygous (19) . In contrast, characteristics that exhibit dominant and recessive behavior generally did not show a heterotic response in this experiment. In another study of a maize dosage sensitive gene, Cell Number Regulator1, the dosage of this gene affected characteristics typical of heterotic effects such as plant height and yield (20) . Further, the SINGLE FLOWER TRUSS flowering gene in tomato produces a yield heterosis when a loss-of-function allele is heterozygous, which is consistent with dosage sensitivity (21) .
Experimentally, we have addressed the issue of a genomic dosage effect on heterosis directly to gain further insight into the genetic basis. We sought to test the concept of a dosage effect in triploid hybrids in which the genotypes were strictly controlled and exactly comparable to diploid hybrids. To perform this test, we produced triploid derivatives of the B73 and Mo17 inbred lines that have been commonly used in heterosis studies and two types of triploid hybrids. One hybrid has one copy of the B73 parental genome and two copies of the Mo17 parental genome, whereas the other triploid hybrid switched the copy number of the two parental genomes. At the diploid level, the two inbred lines, B73 and Mo17, are available as well as the reciprocal hybrids. Reciprocal diploid hybrids have been found routinely to be quite similar in their heterotic characteristics. The question under consideration is whether the two types of triploid hybrids are similar or different. If complementation of completely recessive slightly deleterious alleles were the sole basis of heterosis, then the prediction would be that these two types of hybrids would be basically identical. If, however, the two triploid hybrids differ from each other, this result would suggest some other mechanism of heterosis that is affected by the dosage of the different genomes. Fig. S1 and Materials and Methods) including the reciprocal triploid and diploid hybrids, Mo17 × B73 (mBB and mB, respectively) and B73 × Mo17 (bMM and bM, respectively), and the corresponding inbreds, B73 (bBB and bB) and Mo17 (mMM and mM). In these designations, lowercase letters indicate maternal genome contributions and uppercase letters represent paternal genomes. The nine measured traits were plant height at 4 wk after planting, plant height at 6 wk after planting, adult plant height after flowering, leaf length, leaf width, ear length, tassel branch number, days to anther emergence, and silk emergence after planting. Measuring plant height at different time points helped to evaluate rates of plant growth and development. The means of all trait measures are listed in Table S1 .
For plant height, leaf length and width, ear length, and tassel branch number, a significantly higher mean measure of a hybrid than the better of the two corresponding inbreds indicates highparent heterosis in traits associated with plant biomass, developmental rate, and yield. An example of heterosis for ear length in diploid and triploid reciprocal hybrids is shown in Fig. S2 . For days to anther emergence and silk emergence after planting, a significant shorter mean measure of a hybrid than the faster of its two corresponding inbreds in flowering indicates high-parent heterosis in fertility traits. In both the 2008 and 2009 field studies, significant high-parent heterosis was found in most of the mean trait measures of the diploid and triploid hybrids (Tables S1 and S2) . No significant differences (P < 0.05) were detected between the 2008 and 2009 data and, thus, the combined 2008 and 2009 data were used in further analyses. Analyses of the combined data revealed that of the two reciprocal diploid hybrids, bM exhibited significant high-parent heterosis in all measured traits and mB showed heterosis for all traits except for days to silk emergence (Tables S1 and S2 and Fig.  1 ). Of the two reciprocal triploid hybrids, mBB showed significant high-parent heterosis for all of the measured traits, whereas bMM did not for three measured traits including height at 6 wk, leaf length, and days to silk emergence (Tables S1 and S2 and Fig. 1) .
To compare high-parent heterosis between triploids and diploids for each trait, we used the percent improvement of the hybrid mean over its corresponding better-parent mean (Fig. 2) . The levels of high-parent heterosis in bM and mB ranged from 3.66% and 0%, respectively, for the days to silk emergence to 52.73% and 60.53%, respectively, for the ear length. Similarly, the levels of high-parent heterosis in bMM and mBB ranged from 0% and 3.31%, respectively, for the days to silk emergence to 43.68% and 41.79%, respectively, for the ear length. The ranking of traits for the effect of the heterosis is similar between bM and mB, but the ranking of bMM and mBB is different. Notably, height at 6 wk and leaf length showed no significant heterotic response in bMM. Therefore, as reported, the heterotic response is varied among different traits and depends on particular genotypes (14, 22) , but in this case, the genotypes differ only in genome dosage.
Genome Dosage Effects on Heterosis in Triploid Hybrids. Comparisons of high-parent heterosis between bMM and mBB revealed that the levels of the heterotic response were significantly different for eight of the nine measured traits. The mBB hybrid displayed higher heterosis than bMM for seven traits (Fig. 2) . The different heterotic responses displayed by the reciprocal bMM and mBB triploid hybrids for the same traits could have two explanations: parent-of-origin effects and/or genome dosage effects. If parent of origin, e.g., genomic imprinting or cytoplasmic differences, affects (Table S2 ) are indicated by ** (P < 0.01).
heterosis in reciprocal hybrids, it is expected that the heterotic response for the measured traits should also be different between the reciprocal diploids bM and mB in the same manner as observed in bMM and mBB. However, bM and mB differed substantially for only three traits-ear length, days to anther emergence, and days to silk emergence-suggesting that there are minimal, if any, parentof-origin effects on heterosis in reciprocal hybrids. Indeed, unlike the comparison of triploid hybrids, bM but not mB showed higher heterosis in days to anther and silk emergence. This comparison leaves genome dosage effects as the more likely explanation for the differences observed between bMM and mBB. Indeed, comparison of bMM and mBB for the levels of the heterotic response relative to their respective weighted midparent means revealed no significant difference for eight of nine traits (Fig. S3) , which is strikingly different from the comparison of high-parent heterosis. In contrast, comparison of bM and mB for the midparent heterosis showed the same result as that revealed by comparison of high-parent heterosis (Fig. S3) . Similar midparent heterosis between bMM and mBB can be explained by the fact that the respective weighted-midparent means were calculated according to the dosage of each genome in the triploid hybrids. The results of this analysis further support the conclusion of an impact of genomic dosage on heterosis and that the differences between the two triploid hybrids are not impacted by parent-of-origin effects. Furthermore, this result indicates that genomic dosage causes a proportional effect on heterosis.
A genome dosage effect is even more apparent when one further compares the manner in which the triploid hybrids differ from each other. First, the diploid B73 inbred exceeds the diploid Mo17 inbred for most of the measured traits. When ratios are made for each trait with the B73 mean as the numerator and the Mo17 mean as the denominator, the results are typically greater than one, except for the days to silk and anther emergence ( Table 1 ). The situation with the triploids inbreds is very similar, and the B73 trait/ Mo17 trait ratios follow the trend of their corresponding diploids (Table 1) . Indeed, the correlation between the two sets of ratios is strong and highly significant (r = 0.89, P < 0.01) ( Table 2) . If a similar set of ratios are made with the diploid hybrids, i.e., mB trait/bM trait, no trend is apparent (Table 1) , and these ratios do not correlate with either the diploid or triploid ratios (Table 2) . When the means of mBB are compared with bMM, the trend is remarkably similar to both the diploid and triploid inbred comparisons (Table 1 ). In fact, the mBB/bMM ratio for all of the measured characters is positively correlated with the bB/mM ratio (r = 0.89, P < 0.01) and the bBB/mMM ratio (r = 0.93, P < 0.01), but not the mB/bM ratio ( Table 2) . These results support the conclusion that genome dosage effects have a significant impact on heterosis in triploid hybrids.
Ploidy Effects on Inbred and Hybrid Lines. Previous characterizations of maize inbred ploidy series showed that plants of higher ploidy exhibit phenotypes of reduced growth rate, plant stature, and later flowering compared with the diploid plants of the same genetic background (14, 23) . That trend was also found in this study and is quantified by the ratio of a trait in the triploid over that trait in its corresponding diploid (Table S3 ). The bBB plants had significantly reduced adult height, ear length, and tassel branch number and significantly increased days to anther and silk emergence than the bB plants. The mMM plants also exhibited significantly increased days to anther and silk emergence and significantly reduced tassel branch number. However, instead of reduced adult height and ear length as in bBB, mMM displayed significantly reduced height at 6 wk, indicating decreased growth rate at that developmental stage. Therefore, the effect of ploidy on some traits depends on genetic background as previously observed (24) . Fig. 2 . Strength of heterosis in diploids and triploids. The percent improvement of the diploid and triploid hybrid means over their respective better-parent means (P < 0.05) for the nine measured traits were plotted. Significant differences between triploid hybrids and their corresponding diploid hybrids were indicated by * (P < 0.05) and ** (P < 0.01). (Table  S2) are indicated by * (P < 0.05) and ** (P < 0.01).
In this study, ploidy effects were also investigated in the hybrid background by comparing bMM to bM and mBB to mB (Table  S3 ). The bMM plants had significantly reduced height at 6 wk, adult height, and tassel branch number and increased days to anther and silk emergence compared with the bM plants, whereas the mBB plants had significantly reduced tassel branch number and ear length but significantly increased days only to anther emergence. Interestingly, ploidy effects on the traits of tassel branch number and days to anther emergence are similar in all of the triploid inbred and hybrid lines, suggesting that ploidy effects on these traits are independent from genotype at least for those examined in this study. Significantly reduced height at 6 wk was present in only the mMM and bMM plants, suggesting the reduction was caused by the increased dosage of the Mo17 genome. However, reduced ear length was observed only in the bBB and mBB plants, suggesting it was due to the increased dosage of the B73 genome. These results suggest that although ploidy change has similar general effects on plants, the effects of ploidy change on particular traits depends on genotype.
Discussion
Using a technique that produces precisely controlled genotypes at the diploid and triploid levels, we have tested whether there is a dosage component to heterosis. East (6) had suggested that such an effect might be the case based on crosses of related species at different ploidy levels. With the trifluralin technique, one can produce triploids of identical genotype to diploids except that three copies of the genome are present. Furthermore, triploid hybrids can be produced with 2:1 or 1:2 genomes derived from the parents. This technique can therefore determine whether the dosage of the genome can alter the heterotic response.
In our data, the two reciprocal diploid hybrids were quite similar, as is usually the case in such crosses, indicating that any potential influence of alternative maternal/paternal parentage was minimal and basically not detectable in these experiments. On the contrary, most tested characteristics at the triploid level were significantly different from each other. Moreover, the magnitude of high-parent heterosis was not statistically different between the diploid hybrids for most characteristics at this level but routinely so between the triploid hybrids. We interpret this difference to mean that the dosage of different genomes has a significant effect on the mechanism of heterosis.
Our discussion has intentionally avoided speculation on the molecular mechanism of heterosis despite the fact that numerous studies have examined many such aspects of the process. However, the ultimate measure of heterosis is on the phenotype, and so we have focused on this level to gain insight into the genetic mechanisms involved. A popular genetic explanation of heterosis has involved the complementation of slightly deleterious recessive alleles that are different between the two parents and then each complemented in the hybrid (4, 5) . Certainly, different recessive alleles in opposite parents will be complemented in the hybrid. Whether this complementation contributes to heterosis would require the cumulative effects of complementation to exceed the better parent. This issue is difficult to resolve and as a consequence has not been.
However, if complementation of recessive mutations were the sole basis of heterosis, one would predict that the two types of triploid hybrids would be equivalent for their heterotic response because the recessive mutations would be equally complemented. Moreover, the complementation hypothesis would also lead one to predict that heterosis should be basically equivalent between diploid and triploid hybrids. Neither of these predictions was met. Most characteristics showed differences for the strength of heterosis between the two types of triploid hybrids. Also, some characteristics either failed to exhibit heterosis in one or the other triploid hybrid while showing a robust response in reciprocal diploids, or one of the two triploids exceeded the magnitude found in the reciprocal diploid hybrids. Collectively, the data indicate a genomic dosage effect on heterosis.
Classically, the explanations for heterosis have been cast as due to dominance or overdominance. The dominance concept is, in essence, the same as complementation and overdominance refers to a superior action of heterozygous alleles. Although these two concepts have often been suggested as alternatives, this dichotomy may be false. The finding here that complementation is an inadequate sole explanation for heterosis in no way implies support for overdominance, whatever that might represent on the molecular level.
Quantitative traits tend to be controlled by genes whose alleles are additive in their effects and that exhibit dosage effects (25) (26) (27) (28) (29) (30) . Highly implicated are transcription factors and signal transduction components. They are among the gene categories that exhibit dosage effects because their products are members of multisubunit macromolecular complexes (31) (32) (33) . Our observation that heterosis is subject to dosage effects indicates that its controlling mechanism is similar to other quantitative traits. This observation, along with the conclusion that the complementation concept alone is lacking in its power to explain heterosis, suggests that genetic and molecular models should consider the diversity of alleles and how they interact across the genome in moving the field forward.
Materials and Methods
Maize Lines. The B73 and Mo17 inbred lines were used in this study. The colorless versions of B73 and Mo17 are homozygous for the r1 and c1 alleles and, for this study, we have designated their genomes as bb and mm, respectively. The colored versions, BB and MM, respectively, were produced by introducing the R1-scm2 and C1 alleles, which are required for anthocyanin synthesis in maize endosperm and embryo, into the colorless inbreds via repeated backcrosses for at least seven generations. To test whether the R1-scm2 and C1 alleles were successfully converged into the inbred lines, reciprocal crosses were made between the colorless and colored B73, which are referred to as bB and Bb (maternal genomes are shown first), and the colorless and colored Mo17, which are referred to as mM and Mm. These colored heterozygotes were compared with their respective colorless B73 or Mo17 (Tables S4 and S5) . Comparisons of the colored heterozygotes with their corresponding colorless versions yielded only two minor exceptions that were without consequence to the experimental data. The exceptions both involved Mo17 where the colored version was maternal; in this study, the colored parents are paternal. Importantly, there was no evidence of heterosis in these two instances nor in any of the other comparisons.
The diploid and triploid lines used to evaluate a genome dosage effect on heterosis were derived by using the procedure described by Auger et al (34) (Fig. S1A) . To summarize, tassels from colored inbred lines were treated with trifluralin according to the protocol developed by Kato (35, 36) . Some portion of the resulting pollen possess only one diploid sperm because of chemically induced failure of the second pollen mitosis. Fertilization of an egg with a diploid sperm produces a triploid zygote with one maternal genome and two paternal genomes. Because angiosperms need double fertilization, i.e., the central cell must also be fertilized, a second pollination is performed on the second day with untreated pollen from the colorless line. A triploid kernel resulting from this cross is easily identified because the embryo will have anthocyanin color but the endosperm will not. Much of the treated pollen will be normal with two haploid sperm; fertilizations by these sperm will yield diploid zygotes. The kernels that result from these fertilizations will have both the embryo and endosperm with anthocyanin color. Fig. S1B shows the four crosses that produced the eight genotypes that were compared in this study.
The triploid lines resulting from crosses indicated in Fig. S1B were designated as bBB (B73 inbred with one maternal and two paternal genomes), mMM (Mo17 inbred with one maternal and two paternal genomes), bMM (hybrid with one maternal B73 and two paternal Mo17 genomes), and mBB (hybrid with one maternal Mo17 and two paternal B73 genomes). The diploid lines are siblings of the corresponding triploid lines and were designated as bB (B73 inbred), mM (Mo17 inbred), bM (hybrid with a maternal B73 and a paternal Mo17 genome), and mB (hybrid with a maternal Mo17 and a paternal B73 genome) (Fig. S1B) .
To determine whether the trifluralin treatment had unanticipated effects on the experimental data, plants of all four diploid genotypes that were produced by using treated pollen (bB, mM, bM, and mB) were compared with plants with the same genotypes that were produced using untreated pollen. No significant differences were found in the examined traits (Tables S4 and S6 ). Nine traits were measured in this study (Table S1 ), including plant height at 4 wk, plant height at 6 wk, adult plant height, leaf length, leaf width, ear length, tassel branch number, days to anther emergence after planting, and days to silk emergence after planting. Measuring plant height at three time points, 4 and 6 wk after planting and the adult stage (after flowering), helped to compare rates of plant growth and development among the maize lines. Plant height at 4 and 6 wk was measured from the soil to the top of a plant. Adult plant height was measured from the soil to the uppermost ligule of a plant. Tassel branch number and leaf length and width were measured at maturity after plant flowering. The fifth leaf counting from the top of a plant was used for measurement of length (from the base to the tip of a leaf) and width (at the widest part of the leaf). Ear length was measured from the open-pollinated primary ear at least 40 d after pollination.
Data Analysis. Data of trait measurements were statistically analyzed by using the SAS System for Windows version 9.2 (SAS Institute). Data from 2008 and 2009 were analyzed first separately and then combined. The PROC MIXED procedure with classifications of Genotype (maize lines), Year (used only in the combined data analysis), and Block (nested within Year) was used to perform analysis of variance for the measured traits. Genotype was designated as fixed effect and Year together with Block (nested within Year) as random effects in models. The LSMEANS function was used to calculate means and SEs of trait measures for each genotype (maize line) and to compare the means for each trait measure among the genotypes (maize lines). The TU.K.EY option was used to carry out a multiple comparison adjustment to the P values for pairwise comparisons of means. For mixed models, the variance of a genotype mean contains an additional component due to block. A square root of this variance is the SE for a genotype mean. Therefore, for mixed models, one cannot use the rule of thumb that nonoverlapping SEs can determine if two genotype means differ significantly. The Pearson correlations of ratios for means of trait measures between maize lines (genotypes) indicated in Tables  1 and 2 were investigated by using the PROC CORR procedure with the option of PEARSON.
